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INTRODUCTION 


An  essential  component  for  the  design  of  long-haul,  high  capacity 
fiber  optic  systems  is  the  receiver  preamplifier.  The  preamplifier 
is  the  first  stage  the  receiver  consisting  of  an  optical 
photodetector  diof  ;nd,  ideally,  a  very  low  noise/high 
sensitivity/high  bandwidth  amplifier. 

The  main  function  of  the  preamplifier  is  to  provide  conversion  of 
light  (which  has  been  intensity  modulated)  into  electrical  form 
where  it  may  be  processed  using  conventional  analog  or  digital 
techniques.  Because  the  detected  light  is  often  at  a  very  low 
optical  level,  generally  in  the  nanowatt  region,  the  preamplifier 
must  possess  high  sensitivity  and  noise  rejection  to  preserve  the 
intended  signal  to  noise  ratio  (SNR)  or  bit  error  rate  (BER) 
objective  of  the  system.  In  high  bandw idth/ long-hau 1  capacity 
systems,  high  receiver  sensitivity  is  particularly  important  since 
it  reduces  the  requirement  for  optical  regeneration  (e.g., 
repeaters),  offers  greater  design  fie.xibility  in  the  source 
selection  process  associated  with  the  transmitter,  and  typically 
lowers  both  the  cable  cost  and  maintenance  aspect  of  the  overall 
system . 


PHOTODETECTORS  FOR  OPTICAL  FIBER  COMMUNiC.ATIONS 

Photodetectors  for  fiber  optic  systems  rely  on  the  use  of  either  a 
PIN  photodetector,  a  semiconductor  consisting  of  an  intrii'.sic  (or 
nearly  intrinsic)  region  between  a  P  and  n  region,  or  an  APD 
(avalanche  photodetector  diode).  Botli  devices,  once  matched  to  the 
spectral  characteristics  of  the  source,  find  a  wide  variety  of 
applications  for  fiber  optic  work  at  frequencies  up  to  or  exceeding 
1  Gb/s. 

A  PIN  detector  exhibits  poorer  noise  performance  than  an  APD  but 
costs  less  and  requires  a  lower  operating  bias  voltage,  typically  5 
to  100  V.  An  APD,  on  the  other  hand,  while  costing  more  provides 
internal  optical  gain  through  photoelectrical  multiplication. 
Nevertheless,  because  the  gain  mechanism  of  an  .APD  is  statistical  in 
nature,  excess  noise  above  that  of  the  PIN  is  introduced  in  the 
system;  however,  sensitivity  is  generally  greatly  improved. 

The  gain  of  an  APD  may  be  varied,  via  the  bias  supply,  between  1  to 
1000,  although  100  to  200,  depending  on  tiie  specific  appl  icat ’.o:; ,  is 
more  typical.  Even  at  unity  gain,  the  APD  seldom  performs  worse 
than  a  PIN.  The  .ADP,  however,  suffers  from  gain  instability  brought 
about  through  changes  in  temperature  coupled  with  the  typically  iiign 
bias  requirements,  in  the  order  of  200  to  600  V.  Although  it  may 


include  complications  in  the  electronics  and  other  system  related 
considerations  (e.g.,  cost,  excess  noise),  a  PIN  is  often  found  more 
suitable  for  a  specific  application,  either  as  a  cost/performance 
compromise  or  on  its  own  merits. 


PREA.MPLIFIER  FUNDAMENTALS 

As  mentioned  previously,  the  photodiode  and  amplifier  combination 
comprise  the  preamplifier.  Because  they  are  inextricably  linked, 
the  noise/bandwidth  performances  of  the  detector  and  amplifier  tend 
to  be  obscured  by  the  performance  of  the  overall  preamplifier. 
Nevertheless,  knowledge  of  the  structure  of  the  amplifier,  taken  by 
itself,  is  fundamental  to  a  firm  understanding  of  the  design  of  high 
sensitivity,  high  bandwidth  fiber  optic  systems. 

The  subject  of  amplifier  design  is  somewhat  complicated  by  the  fact 
that  the  performance  of  the  amplifier  depends  on  many  factors;  type 
of  detector,  bandwidth,  application  (analog  or  digital),  whether 
bipolar  or  field-effect  transistors  (FET)  are  used,  fabrication 
tech.niquc  (l.ybrid,  discrete,  stripline,  microstrip,  and  others),  use 
of  equalizers  and  neutralization  schemes,  shot  noise  currents  and 
effective  temperature  of  the  primary  first-stage  transistor,  layout 
and  other  factors.  However,  a  good  understanding  of  the  subject 
will  enable  the  designer  to  determine  the  best  amplifier  suited  to 
his  particular  needs. 

Although  much  has  been  written  on  the  subject  of  preamplifier 
design,  much  confusion  remains  primarily  because  of  the  method  of 
characterization.  Virtually  all  amplifiers  designed  for  fiber  optic 
work  can  be  classified  into  one  of  three  categories:  resistively 
loaded,  high  impedance,  or  trans impedance  (see  figure  1). 

Variations,  of  course,  e.xist  and  include  transistor  technology 
(bipolar /FET) ,  type  of  equalizer  used,  load  impedance,  and  so  forth, 
as  stated  earlier.  However,  for  any  configuration,  a  hybrid  circuit 
design  offers  the  ultimate  performance  solution  since  grounding  is 
usually  better;  distributed  inductance  and  capacitance  are  lower, 
allowing  wider  bandwidth  or  higher  gains;  and  shielding,  owing  to 
proximity  of  components  and  packaging,  provides  the  highest  immunity 
to  external  fields  while  confining  those  generated  internally.  For 
reasons  associated  primarily  with  cost,  special  requirements,  and 
availability  of  standard  off-the-shelf  components,  many  designers, 
however,  find  that  the  only  acceptable  alternative  is  to  design 
their  own  preamplifiers. 

Of  the  three  configurations,  the  resistively  loaded  preamplifier  is 
the  simplest  to  implement  and  understand  since  it  requires  only 
simple  .idjustment  of  the  RC  bandwidth  product  of  the  amplifier.  The 
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capacitance  C  i >  generally  fixed  by  the  total  (sum)  effective  input 
capacitji;cp  of  the  amplifier  and  photodiode.  The  photodiode  is 
rejire.sent  ed  electrically  as  a  current  source  having  some  capacitance 
vhicn  contributes  it'.g.,  adds)  to  the  existing  capacitance  of  the 
amplitier.  The  total  capacitance,  diode  and  amplifier,  then 
represents  the  etfec'ive  inpxit  capacitance  of  the  preamplifier  C. 

The  in.put  imped  nice  of  tin*  -inplifier  K  is  under  control  of  the 

designer  and  is  generally  selected  in  conjunction  wit'  the 

[> reamp  1  i  !  i o r  capacitance  to  r.eet  the  system  bandwidth  quirements: 

1 

'  (s',  s)  ~  dTrKC  ■ 

In  1  i,  r  t  anal  e  1  y  ,  for  higl.  hand>^i>ith,  the  pr.  amji  1  i  f  i  er  input  impedance 
must  be  kept  small;  but  keeping  h  smill  increases  the  noise  of  the 
amplifier  i  .lohnson  or  thermal  noisei  nid  limits  the  utility  of  the 
ore  imiT  fier  for  iow-noise  system  .iiip  1  i  c  ;t  ;  r'lis  . 

The  t  ;■  a::  s  ;  :tpec  aiu.e  amj  lifier.  so-c,.lleii  current  mode  amplifier, 
c  1 1  ca::  \  I  ;.ts  tins  pro:  lerr.  e:.a:>ling  low  input  imped  nice  and  low  noise 
without  compromising  per !  oniiance .  Tiie  pi'nalty,  however,  is  that 
higher  gain  is  usually  nei'ded  in  tVie  open-loop  path  of  the  artiplifier 
since  the  amjilifier  is  operated  in  a  closed  loop.  Consequently, 
more  gain  stages,  typically  two,  are  required;  but  the  noise  of  the 
amplifier  is  then  lowered  by  G,  the  open  loop  gain  (see  figure  1). 
The  gain  results  because  the  feedback  impedance  R  now  accounts  for 
the  thermal  noise,  wh.ile  the  normally  liigh  input  imjiedance  of  the 
amplifier  is  reduced  by  the  open  loot)  gain,  '.figure  1).  The 
t rans impedance  preamplifier,  for  the  same  bandwidth,  offers  a  clear 
noise  advantage  over  the  rcsistively  loaded  configuration. 

Primarily  for  this  reason  the  trans impedance  proamj)  1 i f i or  has  become 
quite  [lopular  for  low-noise,  h  i  gh -bandw  i  dth  fiber  optic  ciesign. 

The  remaining  configuration  (figure  Ic)  is  the  h igh - impedance 
preamplifier,  a  variant  of  the  resistiveiv  loaded  case.  For  this 
configuration,  the  inpiut  impedance  K  of  tiie  preamplifier  is 
increased  beyond  the  system  banawidth,  and  neui rj I i aai i on  le.g., 
positive  feedback)  and/or  amplitude  (>qu.il  i-:at  ion  is  used  to  recover 
the  original  bandwidth.  Unlike  the  previous  configuration  :  figure 
ibi,  the  high  impedance  p’‘ea:ni)l  i  fier  operates  as  a  unity  gain  luitier 
wftii  the  optical  gain  provided  by  the  lo.id  resistor  K[  .  The  rrooiem 
lii'ro,  iiowever,  is  that  it  becomes  exceedingly  difficult  to  design 
active  equalizers  with  adoqtiate  gain  and  good  s igna 1 -to-no i se 
properties  at  high  signal  frequencies.  Similarly,  rit'Ut  ra  1  i  Zat  i  on  , 
wh  icli  reduces  capar  i  t  aiici-  t.’irougi,  p/ositite  :e"db;jck  and  iierice 


extends  bandwidth,  begins  to  deteriorate  and  ultimately  limits  the 
extent  of  capacitance  that  can  be  effectively  neutralized,  thus 
setting  a  limit  on  the  maximum  attainable  bandwidth. 


The  above  is  a  consequence  of  the  inevitable  effects  of  distributed 
capacitance  and  inductance  and  not  necessarily  of  the  effectiveness 
of  the  technique.  Albeit  there  are  apparent  drawbacks,  ths'  high 
impedance  amplifier,  or  integrating  amplifier  as  it  is  sometimes 
called,  offers  the  lowest  noise  for  those  applications  in  wiiic.h  the 
required  bandwidth  can  be  realized. 


BIASING  THE  FIRST  TRANSISTOR  STAGE 

The  design  of  a  high-performance  preamplifier  requires  tlstt  the 
first  transistor  stage  be  biased  for  both  wide  bandwidth  and  low 
noise.  The  first  transistor  stage,  is  perhaps  the  most  imj'O’-t  nit 
stage  of  the  receiver  since  noise  in  subsequent  receiver  stages  is 
offset  (divided)  by  the  composite  gain  of  nre'-.ed  ing  >t.:ges,  and 
hence  provides  a  limiting  effect  on  ti.e  overall  .SNK  cf  tiie  ;'e;.e:\i'r. 

In  any  preamplifier  configuration,  the  first  tr.iiisistcr  stage  may  he 
implemented  with  either  a  bipolar  junction  transistor  i H.iT  :  or 
field-effect  transistor  (FET).  and  succeeding  stages  may  b('  of  the 
same  technology  or  mixed,  depending  on  .specific  design  retp;  i  rements . 
Deciding  which  transistor  type  to  use  is  a  key  decision.  For 
example,  a  EO-Mb^s  receiver  may  use  a  t  rdi;s  inipodanct'  front  (■•nd  with 
an  FET  as  the  first  stage  and  BJT's  for  the  remaining  stage(s).  Tht' 
latter  mixed  design  is  one  in  which  an  FET  is  exploited  for  its 
typically  low-noise  characteristics  and  tiie  BdT  for  its  usually 
high-gain  bandwidth  capability  and  cutoff  frequency  extendiug  into 
the  gigahertz  region.  Whether  a  BJT  or  an  FET  is  used,  the  designer 
must  decide  on  the  proper  biasing  method  and  the  correct  bias  for 
the  first  transistor  stage. 

Unfortunately,  low  noise  and  wide  bandwidth  are  conflicting 
requirements,  and  a  decision  concerning  which  is  the  more  important 
for  a  particular  design  must  often  be  made.  Figuri'  2,  for  t'xample, 
illustrates  how  biasing  can  affect  the  no  ise,  bandw  idtli  perforiTiance 
of  a  preamplifier,  depending  on  whether  a  transistor  or  an  i'ET  i  ,s 
used  tor  the  first  stage.  In  passing,  we  note  that  noise  occurs 
because  electrons  flow  as  discrete  cliarges  and  not  co:;t  inuous  ly  as  a 
steady  electric  iiujd.  .'^or  that  matter,  nciso  e.—  sts  ;r.  any  ac.iive 
circuit  in  which  there  is  a  flow  of  current  (e.g.,  s'noi  noise  and 
f 1 i eke  r  1  . 


AMPLIFIER  EQUIVALENT  NOISE  CURRENT  DENSITY  A-^/Hz 


FREQUENCY  MHz 


FiRuro  2.  Noise  as  a  Function  of  Bias  Cvirrent  for 
FET's  and  BJT's  (After  CTE) 


NOISE  IN  FIBER  OPTIC  SYSTEMS 


A  well  designed  fiber  optic  system  generally  begins  with  a  detailed 
analysis  of  noise.  Noise  in  a  fiber  optic  system  manifests  itself 
as  a  reduction  of  SNR  or  increase  in  timing  jitter.  Sources  of 
noises  include  the  transmitter,  particularly  if  a  laser  is  used, 
selective  losses  in  the  fiber,  and  noise  in  the  preamplifier.  The 
last  excludes  related  effects  such  as  switching  transients,  clipping 
or  saturation,  and  60-  or  120-Hz  harmonic  noise  in  the  power  supply. 
It  also  assumes  adequate  decoupling  and  bypassing  of  all  active 
components . 

The  first  two  sources  of  noise  are  difficult  to  quantity  sinc.e 
research  is  presently  continuing  and  the  subiect  is  not  rigcrcusly 
understood . 

For  purposes  of  this  report,  noise  associated  with  l.isers  operatittg 
at  high  data  rates  (e.g.,  200  Mb/s  and  above'  includes: 

•  baser  noise  (e.g..  spectral  inte.-.tity  variations) 

•  iartition  noise  le.g.,  wavelength,  i  r.t'-ns  i  ty  v.^r  .  it :  ons  : 

•  Modal  noise  (e.g..  amplitude  noise  resulting  from  mode 
selective  losses,  particular  ir.  the  laser/fiber 
interface  and  connection  alignments,  assuming 
graded-index  fibers) 

•  Delay  noise  (e.g.,  timing  jitter  in  the  arrival  of 
optical  signals) 

Another  type  of  noise  associated  with  a  laser  is  se 1 f -os c t 1 1  at i on  or 
se  1  f -pu  Isat  ion ,  a  tendency  of  the  laser  to  pulsate  ir:  Itigi.  data  rate 
fe.g.,  high  frequency)  fiber  optic  applications.  LED's,  it  should 
be  noted,  are  immune  to  these  problems  but  suffer  other  deficiencies 
such  as  slower  speed  and  reduced  output  power.  A  detailed 
discussion  of  laser  noise  is  treated  in  reference  1. 

As  noted  earlier,  a  high  sensitivity  receiver  design  starts  with  a 
careful  analysis  of  the  transmitter.  To  keep  the  noise  level  down  a 
laser  should  be  biased  above  or  below  threshold,  never  in  the 
vicinity  of  the  threshold  itself.  Qper.attng  above  or  below 
threshold  avoids  the  avalanche  noise  that  occurs  at  t iiresno id  where 
the  laser  changes  modes  between  spontaneous  ana  stimulated  emission 
(e.g.,  a  source  of  noise).  Of  course,  for  digital  sy.stoms.  it  is 
desirable  to  operate  above  threshold  to  minimize  turn-on  time  and  to 
preserve  the  rise  and  fall  time  symmetry  of  the  optical  output 
signal.  However,  operating  above  threshoia  reduces  the  margin 
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botwi'cn  ONEs  and  ZEROs  (o.g.,  oxLincLion  ratio).  Tho  dfsigin-r  must 
therefore  seek  a  compromise  between  speed  of  response  (e.g.,  requiring 
higli  thresliold)  and  discrimination  between  ONF.s  and  ZEROs  i  e .  g .  , 
requiring  low  thresholds).  The  depth  of  modiilaiion,  for  ('ither 
analog  or  digital  systems,  must  also  be  ma.\imize<i,  within  the 
therm.al  ratings  of  the  device,  to  optimize  the  SSK  at  the  ri’ceiver. 
Full  di'pth  modulation  for  analog  systems  comb. its  the  effects  of 
signal  shot  noisi-  at  the  receiver,  a  critical  factor  in  the  di'sign 
of  long-haul  systems,  especially  when  using  APD's. 

The  noise  jier  1  ormance  of  a  preamplifier  is  madi-  up  of  amplifier 
no'.se,  sfiot  noise  in  the  detector,  .iric:  e.xcess  noise  due  to  impact 
loniz.ition  of  an  .Al’D  (references  2,  3,  •* ) .  The  SSk  and  BEK  along 
with  actual  link  measurements,  including  eye-patt<'rn  et.iluation  for 
digital  systems,  are  extri'mi'ly  valiiabli'  tools  to  qu.iut  1 1  at  i  ve  1  y 
ciiaiMc  t  I'r  i  ze  the  noise  performance  of  a  receiver.  Digital  systems 
irefetciice  5i  ar<'  typically  more  complex  since  the  detection  p-roi.'css 
(e.g.,  ()\!1  or  ZER"' '  ,  pulse  shape,  and  transmitting  reciMver  filters 
are  vastly  difienuit.  Despite  th(>sc  di  f  fi'reiice.s ,  nowevi’r.  .ina’.og 
iud  liigital  sysf-ms  are  rclatarle  by  the  EN.k  or  CNR  ( <,arr  .er-t  o- 
!u  ise  r.:;  i  c' '  r  !  tl;e  system. 

•A  general  noise  model  o:  .i  preamplifier  is  sh.owr.  in  iigure  3. 

Sciurces  of  noise  in  the  preamplifier  inciudt'  signal  shot  nedse  or 
average  optical  siginil  cumuit  flowing  in  th<'  detec. tor  under  tiu' 
presenct'  of  light,  di’tector  shot  noise  resulting  froiTi  tlie  detec.tor 
liark  current,  and  amplifii'r  noise  c.onsisting  of  thermal  noise  anci 
quintiim  sliot  nois(>.  The  detector  lo.ni  lu'sistor,  present  in  t  lie 
resistively  loaded  and  1.  i  gh  -  :  mpedanci'  preamplifier  conf  i  gi. rat  ions  , 
is  generally  lumpi'd  togctiii'r  with  the  input  impedance  of  tnt' 
ampliiier,  as  an  ('(in  i  v.i  I  I'lit  parallel  impislance,  to  form  th(‘ 
amplifier  thermal  noise  cont  r  i  init  ion  .  For  the  trans  imjx'daiice 
configuration,  the  tln'rmal  noise  comes  from  the  aniplitier  feedback 
resistance,  or  L rans i mpedance .  The  amplifier  noise  can  alternately 
be  moiii'lc'd  by  a  resistor  at  a  temperature  that  gives  rise  to  the 
same  noise  spi'Clral  density  as  the  amplifier.  In  figure  3  the 
individual  noise  sources  of  the  amplifier  are  equ  i  \  a  1  er,  t  1  y 
represented  by  a  voltage  and  ciirriMit  noisi'  source  acting  at  the 
input  to  the  amplifier.  Amjiiifior  noise,  genor.ally  the  niost 
significant  form  in  .a  noiisignai  sliot  noise  limilei!  receiver,  is  a 
(lorn  in, nit  factor  when  using  Al’D's. 

Flint  noise  depends  on  the  type  of  detector.  Shot  noise  for  a  I’iN, 
lor  example,  consists  of  reverse*  dark  current,  the  leakage  current 
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that  flows  in  the  absence  of  light.  In  an  APD,  however,  both  the 
bulk  and  surface  contributions  of  the  dark  current  must  be  taken 
into  account. 

Surface  current  (which  can  be  one  to  three  orders  of  magnitude 
higher  than  bulk  current)  in  an  APD  is  treated  simply  as  shot  noise. 

Bulk  current,  however,  is  multiplied  by  the  gain  of  the  APD 
[)roducing  an  e.xcess  noise  that  depends  on  the  quality  of  the 
w 'tector  (e.g.,  impact  ionization  coefficient  K) .  Kor  a  good 
euality  silicon  APD  the  noise  factor  is  typically  very  low  (e.g., 

K  =  0.2)  whereas  for  germanimum  APD's  it  is  somewhat  high  (e.g., 

K  =  1).  If  the  dark  current  is  also  high,  the  excess  noise  will 
have  minimal  effect  on  the  receiver  because  of  dominance  by  the  dark 
current  noise.  In  addition,  the  e.xcess  noise  in  an  APD  will 
increase  with  gain  at  a  faster  rate  than  the  multiplied  optical 
signal.  Eventually  a  point  will  be  reached  where  an  increase  in 
gain  for  a  given  optical  power  will  produce  a  reduction  in 
sensitivity.  The  gain  at  which  this  occurs  is  called  the  optimum 
gain  ol'  the  APD.  For  a  low  noise  device,  it  is  generally  fi.xed  by 
ttu'  noise  of  the  amplifier. 

To  complicate  matters,  an  .APD  is  also  extremely  temperature 
sensitive,  and  therefore  care  must  be  e.xercised  that  proper  gain 
control  be  provided;  otherwise  the  optimum  gain  setting  will  change 
with  temperature  and  significantly  degrade  sensitivity.  Because 
(iark  current  will  also  change,  e.g.,  double  for  approximately  every 
lO'C  rise  in  t<'mperaiure ,  gain  control  should  be  based  on  optical 
signal  power  variations,  not  necessarily  average  d.c.  optica!  output 
power.  Tills  precaution  will  prevent  an  erroneous  d.c.  error  signal 
resulting  from  the  dark  current  from  developing  in  the  gain  control 
circuitry.  However,  for  wide-band  systems  in  which  dark  current  is 
usually  dominated  by  amplifier  noise,  d.c.  coupling  is  acceptable  as 
long  as  the  average  optical  power  remains  appro.\  imate  iy  constant. 

One  techniciue  of  doing  this  and  providing  optimum  gain  control 
.lutoma  t  i  ca  1  1  y  at  the  same  time  is  to  bias  the  .APD  from  a  constant 
curriMit  source.  The  current  source  must  be  set  for  optimum  gain  at 
.imbient  temperature  for  the  tochniqui'  to  work  properly.  Moreover, 
l  lie  A!’i)  must  be  shunted  by  a  capacitor,  across  whicli  the  vol.jge 
nidinlains  ti\e  .APD  at  optimum  gain  under  \aryirig  levels  of  optical 
signal  power  and  changes  in  temperature  (e.g.,  provides  100  p<'rcent 
ga in  control ) . 

M.iihem,n  ical  ly ,  the  signal  to  noise  ratio  ( SNK 1  o{  an  optical 
ti  !  i  f  i  er  is  expressed  as  (assuming  fuli-deptii  modulation): 


SNR  = 


A  description  of  the  above  parameters  for  I’lS's  and  APD's  is 
presented  in  table  1  and  comprehensive  description  of  all  parameters 
is  provided  in  table  2. 

Examination  of  this  equation  reveals  that  the  SNR  performance  of  a 
preamplifier  is  determined  solely  by  the  type  of  amplifier  and 
detector  used  for  the  preamplifier.  A  simplification  can  usually  be 
made  for  a  PIN  detector,  which  provides  a  gain  of  utiity: 

,2 

(mRP^) 

2eBn  (!«  +  Ip  ’a^ 

Note  that  the  detector  dark  current  Ip  now  consists  of  the  bulk  and 
surface  currents  and  Ipg  respectively. 

To  select  a  detector,  the  designer  need  only  be  concerned  with  the 
application  and  have  in  mind  some  preliminary  formulation  of  the 
design  requirements.  For  instance,  consider  an  analog  application 
in  which  the  SNR  requirement  is  typically  high,  40  to  50  dB  (e.g., 
CATV).  Here  an  APD  would  provide  little  advantage  over  a  PIN 
because  of  the  high  SNR  coupled  with  the  type  of  modulation  being 
considered,  e.g.,  analog.  Some  typical  results  showing  a  comparison 
of  the  performance  between  a  PIN  and  .APD  in  a  typical  application 
are  provided  in  figure  4  (reference  6). 

The  above  argument,  however,  is  not  necessarily  appropriate  for 
digital  systems  where  an  APD  will  generally  provide  approximately  10 
to  15  dB  of  additional  margin  over  a  PIN  in  figure  5  (reference  r>). 
The  SNR  requirement  is  inadequate  here,  since  the  criteria  of 
interest  for  digital  systems  is  the  detect  ion' probab i 1 ; t y  of  a 
signal  exceeding  a  certain  threshold,  specifically  the  number  of 
primary  electrons  produced  by  the  optical  pulse,  the  distribution  cf 
gain  statistics  if  an  APD  is  being  used,  and  the  effective  noise 
electron  charge  of  the  amplifier.  A  principal  feature  of  an  APD  is 
its  performance  at  liigh  frequencies  where  dark  current  effects  begin 
to  diminish  (reference  71  and  where  bandwidth  generally  becomes 
limited  by  the  amp  1 i f ier  detector  capacitance  as  shown  in  figure  6. 
It  follows  from  the  above,  that  gain  can  be  traded  between 
sensitivity  and  bandwidth.  However,  the  designer  will  probably  come 
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Table  2.  Definition  of  Preamplifier  Noise  Terms 


m  -  OPTICAL  MODULATION  INDEX 
R  =  DETECTOR  RESPONSIVITY  AT  > 


=  -9!<_ 
hc/^ 


WHERE;  q 
h 
K 


ELECTRON  CHARGE;  c  =  VELOCITY  OF  LIGHT 
QUANTUM  EFFICIENCY,  >  =  WAVELENGTH  OF  LIGHT 
PLANK'S  CONSTANT 


Pq  =  AVERAGE  OPTICAL  POWER 
M  =  MEAN  AVALANCHE  GAIN 
1 

=  -  WHERE:  a  =  CONSTANT;  V,.  =  BIAS  VOLTAGE 

V  =  VOLTAGE  AT  GAIN  M 

F  =  EXCESS  NOISE  FACTOR 

=  M  j^1  -  (1  -  K)  ^  j  WHERE:  K  =  IONIZATION  RATIO  -  g- 

&  ^  AND  a  ARE  THE  DETECTOR  IONIZATION  RATES 

I5  =  SIGNAL  SHOT  CURRENT 

=  PqPo  WHERE:  p„  =  RESPONSITIVITY  AT  DC 


'dB'  'dS  =  detector  bulk  and  SURFACE  CURRENTS  RESPECTIVELY 


AMPLIFIER  SHOT  NOISE 
WHERE: 

qReff 


Teff 

'’eff 


-  EFFECTIVE  AMPLIFIER  NOISE  TEMPERATURE 
=  EFFECTIVE  AMPLIFIER  INPUT  IMPEDANCE 


»  NOISE  BANDWIDTH; 


ff/2  BW3(jg 


a 


m 


■  ^TL  f  a; 


I  iiiir  ' 
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to  the  conclusion  that  the  main  utility  of  an  APD  lies  in  its 
ability  to  compensate  for  the  inevitable,  practical  effects  of 
preamplifier  noise  including  detector  dark  current  and  capacitance 
(reference  8).  In  fact,  a  low  noise  photodiode  with  integrated  PIN 
FET,  reported  in  reference  9,  provides  performance  comparable  to  the 
best  quality  silicon  APD  (figure  7).  This  APD  employs  a  high 
impedance  preamplifier,  with  digital  equalizer  housed  in  a  hybrid 
module.  Such  circuits  operating  at  the  conventional  0.82  /im,  as 
well  as  the  longer  1.3 /im,  wavelength,  designed  with  wide-band  FET 
and  biopolar  preamplifiers,  are  available  commercially  (references 
10.  11,  12). 

The  PIN  FET  is,  perhaps,  the  latest  technological  development  in 
extremely  low  noise  receiver  preamplifier  designs.  A  PIN  FET 
module,  incorporating  a  long  wavelength  PIN  detector  with  integrated 
mesa  structured  FET.  developed  by  Plessey  Ltd.  for  the  British  Post 
Office  (BPO),  provides  an  input  capacitance  of  0.3  pF ,  quantum 
efficiency  of  25  percent,  and  receiver  sensitivity  of  -90.7  dBm  at  a 
BER  of  10"^  in  a  149-Mb/s  system.  The  high  impedance;  design,  which 
uses  a  10  M  ohm  load  resistor  at  the  input  of  the  FET,  presides  an 
unequ-alized  bandwidth  of  approximately  53  kHz.  A  one-stage 
integrated  digital  transversal  filter,  consisting  of  delay  line  and 
comparator,  is  then  used  to  extend  the  bandwidth  to  the  required  140 
Mb/s.  This  novel  approach  avoids  the  general  difficulties  of 
building  active,  linear  equalizers.  In  addition,  applications  are 
limited  to  digital  systems  which  operate  at  rates  set  by  the  delay 
line.  A  functional  diagram  of  the  PIN  FET,  including  performance 
characteristics  compared  to  APD’s  of  various  material  systems  is 
shown  in  figure  7.  Note  that  for  a  good  quality  FET  (e.g.,  one  with 
low  capacitance  and  high  transconductance),  a  PIN  FET  can  provide 
comparable  performance  to  an  APD.  However,  making  generalizations 
can  be  very  misleading  (and  often  is)  unless  specific  conditions  are 
carefully  and  accurately  specified. 

HIGH  IMPEDANCE  PREAMPLIFIER  DESIGN 

A  high  impedance  preamplifier  circuit,  designed  for  extemely  low 
noise  optical  detect ioii  and  moderate  bandwidth  applications  is 
presented  in  figure  8.  Key  features  of  the  circuit  include  AGC , 
single  +12  V  operation,  low  power  comsumption  i,p.g.,  aproximately  13 
to  20  m.A )  .  large  dynamic  range  and  neutralized  bandwidth  of  10  MHz 
at  a  gain  ; responsitivity )  of  6mV/^W.  The  standard  output  is  50 
ohms.  The  circuit,  measuring  approxmately  1  inch  x  2  inches,  has 
been  breadboarded  and  tested  and  found  to  provide  virtually  error- 
free  digital  transmission  at  an  optical  power  level  of  10  nW  when 
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MEAN  OPTICAL 


Figure  7.  Performance  Curves  for  PIN  FET's  and  APD's  (After  Plessey) 
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better 


operating  at  a  data  rate  of  approximately  600  kHz.  However, 
performance  is  expected  when  using  a  post  amplifier  prior  to 
detection.  An  alternate  version,  featuring  a  one-stage  equalizer, 
provides  a  10-MHz  bandwidth  at  the  same  sensitivity. 

The  preamplifier  uses  a  dual  gate  MOS  (metal  oxide  semiconductor) 

FET  to  minimize  input  capacitance,  improve  noise,  aiid  achieve 
extended  bandwidth  performance.  Alternately,  sensitivity  can  be 
improved  by  reducing  the  bandwidth. 

The  output  drive  capability  of  the  FET,  which  was  enhanced  through 
the  addition  of  a  bipolar  transistor,  improves  the  FET  gain/speed 
performance  while  additionally  providing  the  high  drive  needed  for 
neut  ra 1 izat ion . 

The  FET,  which  is  operated  as  a  source  follower,  acts  as  a  unity 
gain  buffer  to  reproduce  the  optical  signal  at  its  output  gate.  It 
also  provides  the  feedback  required  for  neutralization. 

The  feedback  is  in  phase  with  the  optical  signal  and  is  implemented 
via  a  signal  plane  which  interconnects  with  all  active  components  on 
the  circuit  board,  principally  a  photodiode,  a  simple  PIN.  and  the 
FET  amplifier.  The  case  terminal  of  the  photodiode  is'  neutralized 
so  that  mounting  receptacles,  located  above  the  signal  plane,  may  be 
used  without  loss  in  performance.  In  addition  to  capacitance 
neutralization,  the  signal  plane,  driven  by  the  output  of  the  FET, 
also  provides  impedance  bootstrapping,  a  technique  which  increases 
the  input  impedance  of  the  FET.  As  used  here,  the  technique  allows 
precise  definition  of  the  system  noise  bandwidth.  It  also  extends 
the  dynamic  range  of  the  preamplifier,  allowing  a  wider  range  of 
optical  signals  to  be  accommodated  than  would  otherwise  be  possible. 


TRANSI.MPEDANCE  DESIGN 

An  experimental  prototype  trans impedance  preamplifier,  developed 
primarily  for  ultra-high-gain/low-noise  wide-band  applications  is 
presented  in  figure  9.  This  particular  circuit  is  currently  under 
development,  but  preliminary  testing  indicates  exceptional 
sensitivity,  approximately  60  mV/pW,  low  nojse,  and  a  system 
.bandwidth  of  100  MHz  or  higher.  The  circuit,  measuring  3  inches  x 
1-1/2  inches,  accommodates  either  a  PIN  or  APD  photodiode.  However, 
for  an  APD,  the  sensitivity  is  significantly  improved,  typically 
6  WpW.  Maximum  optical  power,  in  this  case,  should  be  restricted 
to  below  500  uV,  peak  to  peak,  to  prevent  saturation  of  the  output 
stage . 
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NEGATIVE  FEEDBACK 


Prototype  Ultra-High-Gain  Wide-Band  Trans  impedance  Preampl 


The  prototype  circuit  employs  two  low-noise/nigh-speed  Hlessey 
differential  pair  amplifiers  to  develop  an  open  loop  gain  of 
approximately  2  x  10^,  or  130  dB .  The  first  differential  pair,  Qj 
and  Q2,  connected  to  the  photodiode,  uses  a  low  noise  design 
requiring  30  of  the  available  130  dB  of  open  loop  gain  to  reduce  the 
input  impedance  of  the  amplifier,  provide  a  relatively  constant  gain 
independent  of  component  time/aging  effects,  and  provide  very  wide- 
band/high-gain  operation  into  the  MHz  region.  At  a  bias  of  1  mA, 
for  example,  provided  by  a  constant  current  source  CR240,  .and 
assuming  an  input  impedance  of  50  ohms,  the  noise  figure  (SiF)  of  the 
first  stage  is  set  to  about  2  dB .  Negative  feedback,  provided  by  a 
second  stage  amplifier,  optimized  for  high-speed,  establishes  the 
final  closed  loop  gain  of  100  dB.  The  output  stage,  Qf,.  buffers  the 
preamplifier  when  driving  50-ohm  coaxial  lines. 

The  choice  of  detector  and  bias  supply  is  optional.  A  !’IN,  biased 
from  the  existing  +5  V  supplies,  is  considered  suitable  tor  modcr.jtc 
bandwidth  systems  where  power  availability  is  not  particularly 
critical,  while  an  APD  is  considered  more  appropriate  ''ot  long-tiau !  , 
high  bandwidth  systems  where  sensitivity  requirements  are  more 
demanding.  As  designed,  however,  the  photodetecror  n'lav  be  biased 
from  an  existing  or  external  power  supply  using  either  polarity  or 
both.  This  flexibility  combined  with  high  gain,  low  noise,  and  the 
wide  bandwidth  capability  of  the  preamplifier  makes  an  ideal 
component  for  designing  high  performance  fiber  optic  systems. 
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